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Three-Dimensional Structure of Phosphorylase
Kinase at 22 A˚ Resolution and Its Complex
with Glycogen Phosphorylase b
version of inactive glycogen phosphorylase b (GPb) to
active phosphorylase a (GPa) by the phosphorylation
on a single serine, Ser14, resulting in mobilization of
glycogen. No other kinase can promote this reaction.
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amino acids) is the catalytic subunit. It is composed
of a kinase domain (residues 20–296) and a regulatory
autoinhibitory domain (residues 298–386). Within theSummary
regulatory domain are two sequences (residues 302–326
and 342–366) that bind tightly to calmodulin [4, 5]. WhilePhosphorylase kinase (PhK) integrates hormonal and
neuronal signals and is a key enzyme in the control it is established that phosphorylation of the  subunits
(and to a lesser extent the  subunits) gives rise to activa-of glycogen metabolism. PhK is one of the largest of
the protein kinases and is composed of four types of tion [6], the mechanism of conformational changes pro-
duced by this posttranslational modification are notsubunit, with stoichiometry ()4 and a total MW
of 1.3  106. PhK catalyzes the phosphorylation of understood. The regulatory subunits appear to be inhibi-
tory in that they restrain, either directly or indirectly, theinactive glycogen phosphorylase b (GPb), resulting in
the formation of active glycogen phosphorylase a activity of the kinase domain. Partial proteolysis of the
 and  subunits, which leaves the  and  subunits(GPa) and the stimulation of glycogenolysis. We have
determined the three-dimensional structure of PhK at untouched, causes a large activation. In addition to the
effects mediated by the endogenous  subunit, PhK can22 A˚ resolution by electron microscopy with the ran-
dom conical tilt method. We have also determined the also be activated in a calcium-dependent manner by
exogenous calmodulin. Nearly all information on phos-structure of PhK decorated with GPb at 28 A˚ resolu-
tion. GPb is bound toward the ends of each of the lobes phorylase kinase has been obtained from the enzyme
isolated from fast-twitch glycolytic rabbit skeletal mus-with an apparent stoichiometry of four GPb dimers per
()4 PhK. The PhK/GPb model provides an explana- cle where the enzyme represents between 0.5% and
1% of soluble protein.tion for the formation of hybrid GPab intermediates in
the PhK-catalyzed phosphorylation of GPb. The activation of phosphorylase kinase is a complex
process with several tiers of control, and in vitro, pH is
a further factor that regulates activity. With inactive PhKIntroduction
isolated from muscle and assayed in the presence of
Ca2, the activity at pH 6.8 is low but increases sharplyIntracellular glycogen stores are used primarily as a
source of energy for muscle contraction and for mainte- at pH 8.2. The ratio of activity (pH 6.8/pH 8.2) for nonacti-
vated PhK is 0.05. Activity remains Ca2 dependent atnance of blood-glucose homeostasis during fasting.
Phosphorylase kinase (PhK) integrates hormonal (adren- pH 8.2. Activation of PhK by phosphorylation or limited
proteolysis results in an increase in activity at pH 6.8aline), neuronal (Ca2), and metabolic (ADP) signals to
control glycogenolytic flux in skeletal muscle and liver. with little increase in activity at pH 8.2 and a resultant
In response to external stimuli, PhK catalyzes the con-
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Figure 1. Schematic Representation of the
Signaling Pathways that Lead to the Activa-
tion of Phosphorylase Kinase (PhK) in Skele-
tal Muscle
Adrenaline signaling through its seven trans-
membrane helix receptor activates the heter-
otrimeric G protein complex located on the
inside of the plasma membrane, which, in
turn, activates adenyl cyclase to produce the
second messenger cyclicAMP (cyAMP).
CyAMP activates cyclic AMP-dependent pro-
tein kinase (cAPK), which phosphorylates the
 and subunits of PhK (approximately seven
sites on the  subunit and four sites on the
 subunit [2]). The heterotrimeric G protein
complex also activates phospholipase to re-
lease inositol triphosphate (IP3) from the
plasma membrane. IP3 stimulates transient
release of Ca2 from the endoplasmic reticu-
lum. Ca2 release from the sarcoplasmic re-
ticulum is stimulated by a nerve impulse at
the neuromuscular junction leading to depo-
larization of the plasma membrane (V). The
depolarization signal is conveyed in the re-
gion of the T tubule invaginations via confor-
mational changes in the dihydropyridine and
ryanodine receptors to the sarcoplasmic reticulum to stimulate release of Ca2. Ca2 binds to the calmodulin () subunit of PhK. ADP, produced
by metabolism of ATP, binds to the  subunit of PhK. The combined effects of phosphorylation, Ca2 binding, and metabolic stimulation
activate PhK, which, in turn, phosphorylates glycogen phosphorylase (GP), converting inactive GPb to active GPa and the stimulating the
glycogen breakdown. Figure adapted from [3]. The arrangement of the subunits in PhK is schematic.
pH 6.8/8.2-activity ratio of between 0.2 and 0.9 (reviewed Application of these methods to electron micrographs
of negatively stained particles has led to a 3D model ofin [1]).
In previous work we have determined the structure of PhK at 22 A˚ resolution for the pH 8.2-activated form of
the enzyme. We have also applied 3D image reconstruc-the kinase domain of the catalytic  subunit (residues
1–296) by X-ray diffraction both as a binary complex tion methods to PhK particles that had been decorated
with GPb to produce a model at 28 A˚ resolution thatwith nucleotide and as a ternary complex with the inac-
tive ATP analog AMPPNP and a peptide substrate [7, 8]. reveals the substrate binding.
The results have shown the conformation of the catalytic
core that, together with site-directed mutagenesis stud- Results
ies [9], have led to an understanding of specificity and
mechanism of catalysis. Phosphorylase Kinase 3D Structure
A typical electron micrograph of negatively stained PhKIn order to understand the structural basis of the
mechanisms involved in control of PhK, a structure of particles is shown in Figure 2A. Three major forms of the
enzyme can be detected. A “butterfly” form consistingthe whole enzyme is required. Intact PhK poses prob-
lems for crystallization for X-ray studies, but it has of two “wings” (Figures 2B and 2C); a “chalice” form
consisting of a “cup” and a “stem” (Figures 2D and 2E);proved amenable to analysis by electron microscopy in
transmission [10–12], scanning transmission [13], scan- and, less frequently, a “tetrad” structure (Figure 2F). The
frequency of observation of the different forms was 54%ning tunneling [14], and atomic force microscopy [15].
The most informative studies by transmission electron (butterfly), 33% (chalice), and 13% (tetrad). The tetrad
form is characterized by a rectangular shape and by amicroscopy with negatively stained images have identi-
fied butterfly, chalice, cube, and cross shapes [12]. stain-filled central cavity. The butterfly form shows some
variation in the size of the wings, in the distance betweenThese images were synthesized manually to produce a
plaster of Paris model of a bridged, bilobal structure for the wings, and in their mutual orientation. The chalice
also shows some size and conformation variation. Thisthe holoenzyme in which each lobe was assumed to
comprise two () protomers in a head-to-head ar- variability results from differences in the overall orienta-
tions of the particles with respect to the carbon film. Thisrangement. Immunoelectron microscopy using a Fab
fragment specific for the  subunit indicated that the suggests that in the butterfly and chalice orientation, the
particle is rocking around a main orientation on the grid.epitope on the  subunit recognized by the antibody is
at or near the tips of the lobes [16]. Further studies In order to investigate the 3D organization of the parti-
cle, we performed a reconstruction using the randomwith anti- and anti- mAbs indicated that the  and 
subunits were located nearer to the center of the particle conical tilt method [18] with 1879 pairs of 50	-tilted and
untilted images of molecules. The images of the untilted[17]. The proximity of the  subunit to the catalytic 
subunit is consistent with evidence that the -subunit PhK were aligned and merged into 20 classes defined
by K mean clustering. Each class contained images ofis key to controlling catalytic activity in the holoenzyme.
We have extended electron microscope structural stud- particles viewed from the same direction. The relatively
large number of classes indicated a variety of orienta-ies on PhK by using 3D image reconstruction methods.
3D Structure of Phosphorylase Kinase
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Figure 3. Determination of the Resolution of the Final 3D Recon-
struction of Phosphorylase Kinase
The Fourier shell correlation (FSC) function measures the crosscor-
relation coefficient between two 3D volumes as a function of spatial
frequency. The FSC function (thick line) is plotted together with a
6
 (symmetry-corrected) threshold curve (thin line). The resolution
as judged by the threshold crossing is22 A˚. The more conservative
0.5 correlation cutoff indicates a resolution of 32 A˚.
Figure 2. Electron Mirograph and Image Processing of Phosphory-
lase Kinase
(A) Electron micrograph of negatively stained phosphorylase kinase.
a volume approximately equivalent to 1.6 times the mo-Protein is bright against a darker background. Shown are the (B
lecular mass of phosphorylase kinase (1.3  106 Da), asand C) butterfly orientation, (D and E) chalice orientation (the chalice
is viewed on its side), (F) tetrad orientation, and (G) 5 of the 19 class calculated with a partial specific volume of 0.84 Da/A˚3.
averages used to reconstruct the 3D structure. The scale bar equals The refined reconstruction of PhK in five different ori-
300 A˚. entations at a resolution of 22 A˚ is shown in Figure 4.
The butterfly-like view (Figure 4A) shows that PhK is
made of two lobes. In Figure 4A the left lobe curvestions of the particles due to the rocking effect around
a principal orientation. For each class of particles, a 3D away and the right lobe curves toward the viewer. The
two opposing lobes are held together by two shortprimary volume was reconstructed from the corre-
sponding tilted images. Figure 2G shows 5 of the 19 oblique crossbridges. The dimensions of the lobes in
the projection are 225  110 A˚, and the bridges are 55 A˚class averages used in the final 3D reconstruction of
PhK. Four primary volumes were merged and used as in length and 45 A˚ in width. The dimensions of the overall
structure are 270  225  160 A˚. Figures 4B and 4Ca reference 3D model. This model was further refined by
using the tilted images (1879 particles) and an additional show the chalice and the tetrad orientations (rotations
of 45	 and 90	, respectively, about the horizontal axis2974 untilted particles. The structure exhibited 222 sym-
metry, so a further reconstruction was made with 222 of the butterfly orientation). The hole inside the tetrad
structure has a crosssection of 35  85 A˚. The relativesymmetry enforced. The resolution test performed by
the Fourier shell correlation method on two data sets orientation of the lobes can be seen after a 90	 rotation
about the vertical axis of the butterfly orientation (Figuregave a value of 22 A˚ using a 6
 (symmetry-corrected)
threshold (Figure 3). The more conservative 0.5 correla- 4D). One lobe is rotated 65	 relative to the other.
The overall shape of the particle and its dimensionstion cutoff indicates a resolution of 32 A˚.
In cryoelectron microscopy, at high resolution, it is are similar to those that have been reported previously
for negatively stained images [12] and are consistentpossible to adjust the threshold for surface display of
the molecule so that the enclosed volume corresponds with the dimensions observed in low-angle X-ray scat-
tering [19]. However, there are some differences in theto that anticipated for the molecular mass using a typical
partial specific volume. With negatively stained images, positions of the bridges and in the relative orientations
of the lobes compared with the manual model obtainedsuch adjustment of the threshold is especially difficult
because of uncertainties associated with the way in by Norcum et al. [12], where the lobes are placed more
nearly perpendicular to each other rather than at the 65	which the stain accumulates around the molecule. At
the limited resolution of the reconstruction, numerous observed here, and the four bridges are approximately
normal to the lobes whereas the present model showssmall protrusions and cavities are not imaged. Thus,
there may be some discrepancy between the volume of two bridges at an angle of about 70	 with respect to the
lobes.the reconstructed particle and its surrounding negative
stain and the volume corresponding to the expected From previous analysis [12], it is assumed that each
lobe contains two () protomers arranged head-to-molecular weight of the complex. The threshold used
to display the PhK model was chosen so as to give a head. To form the holoenzyme, one lobe is rotated 180	
about the long axis of the other with the principal direc-compact particle with continuity that reflected the integ-
rity of the particle in the original electron micrographs. tion of the two lobes at 65	 in our model. Immunoelectron
microscopy has resulted in the identification of the likelyThe threshold value for PhK chosen corresponded to
3.6 times the calculated rmsd of the map and enclosed positions of the , , and  subunits within the lobes,
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crossbridges [17]. We, therefore, place the  subunit
close to the interconnecting bridges. An antibody raised
to the epitope comprising residues 277–290 at the
C-terminal end of the kinase domain in the  subunit
was found to bind at a position slightly more central
and distal on the interior lobe located more toward the
lobe tip. The approximate positions of the antibody bind-
ing sites mapped to our model are shown in Figure 4E.
PhK holoenzyme was examined on the electron micro-
scope grids at pH 8.2. It is generally assumed that raising
pH from neutral to pH 8.2 mimics the effects of activation
by phosphorylation or by other means. At this pH, the
enzyme does assume an activated conformation, as de-
tected by crosslinking [21] and antibody-recognition
studies [17], although the enzyme retains its Ca2 re-
quirement for activity. It is difficult to give an absolute
level of Ca2 required for activation because that level
is influenced by such factors as Mg2 ions, state of
activation, and pH (increasing pH above neutrality de-
creases the Ka) [1, 22, 23]. Reported Ka values range
from submicromolar to tens of micromolar. Actual Kd
values, which are more germane to our structure, have
been reported in only one study, which measured the
45Ca2 binding [24]. Those values were variable with a
biphasic response with Kd values 0.13 M and 3 M.
The measured Ca2 concentration in the buffers used
in the electron microscope experiment was 0.15 M
(see Experimental Procedures). The combination of the
activating pH and possibly this level of Ca2 ions is
presumed to result in an activated conformation of PhK.
Comparison of the pH 8.2-activated conformation with
the Ca2-activated conformation reported in [25] shows
Figure 4. The 3D Structure of Phosphorylase Kinase overall similarities, despite the differences in methods
of image reconstruction and resolution. Among theseSurface representation of phosphorylase kinase in different orienta-
tions (images were produced using WEB [38]). Shown are (A) front similarities are lobe tips that are rounded and that do
butterfly orientation, (B) chalice orientation, a rotation of 45	 of the not project from the lobe face and lobes that are of
butterfly orientation about the horizontal axis, (C) tetrad orientation, relatively uniform width.
a rotation of 90	 of the butterfly orientation about the horizontal axis,
(D) 90	 rotation of the butterfly orientation about the vertical axis
showing the rotation angle between the two lobes, and (E) oblique
Phosphorylase Kinase Decorated with Glycogenview showing the positions of the subunits , , and . The bar
Phosphorylase bscale is 100 A˚.
PhK, immobilized on the electron microscope grid, was
decorated with GPb (50 g/ml in 50 mM HEPES [pH
8.2], 200 mM NaCl, 10% [w/v] sucrose, 5 mM CaCl2, andand these positions are shown in Figure 4E. An antibody
that recognized an epitope close to the C-terminal of 5 mM MgCl2). The resulting complex was washed and
negatively stained with uranyl acetate. The divalent cat-the  subunit was visualized at the tips of the lobes
in the butterfly orientation, both in negatively stained ions Mg2 and Ca2 were included, since these enhance
the affinity of PhK for GPb by about 8-fold as detectedimages and in unstained images with PhK complexed
with an Fab-undecagold anti- antibody [16]. The distri- by an enzyme-linked immunoabsorbent assay [26]. In a
previous experiment (data not shown) in which PhK andbution of antibody was symmetrical, supporting the no-
tion of the head-to-head packing of the () protomers GPb were mixed in a 1:10 ratio in the absence of divalent
cations and the complex purified by S200 gel filtration,in each of the lobes. Treatment with chymotrypsin,
which selectively degrades the  subunits (as detected there was incomplete saturation of PhK with GPb as
judged from the relative strengths of bands in Coomas-by gel electrophoresis), resulted in no apparent changes
in the overall structure of phosphorylase kinase as ob- sie-stained SDS gels and from electron microscopy.
A three-dimensional reconstruction of the PhK/GPbserved in negatively stained electron micrographs. How-
ever, limited degradation of both  and  subunits with complex formed on the grid was made using 1958 im-
ages of untilted particles. These particles were alignedtrypsin resulted in a single-lobe particle in which the
connecting bridges were absent [13, 20], demonstrating three-dimensionally by reference to the refined structure
of PhK. The final reconstruction is shown in Figure 5,an important role for the  subunit in forming the quater-
nary structure of PhK. In an immunoelectron microscopy using the same views as Figure 4. The resolution of the
model based on the Fourier shell correlation (6
 cutoff)study, an epitope in the  subunit was localized to an
interior position on the lobes near the interconnecting method was 28 A˚. Because fewer particles were used
3D Structure of Phosphorylase Kinase
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Figure 5C) has a crosssection of 40  140 A˚, which is
larger than that seen in the native PhK. In the tetrad
view, the walls of the bridges appear significantly thinner
than those observed for PhK alone.
A difference map was calculated in order to localize
more precisely the additional density arising from GPb
bound to PhK and to avoid uncertainties arising from
different resolutions of the PhK and PhK/GPb maps and
different relative threshold values for display. The map
representing PhK was recalculated at 28 A˚ resolution.
The PhK and the PhK/GPb maps were rescaled by sub-
traction of the average density of the whole 3D image
from the density at each pixel [18]. Rescaling produced
negligible changes in density, since the average density
of both maps was close to zero. The volume for PhK
was subtracted from the volume for PhK/GPb with no
threshold cutoff applied at this stage. The volume was
displayed using a threshold that corresponded to 6
times the rmsd of the difference map and which en-
closed a volume that was equivalent to a molecular
mass of 6.86  105 Da. Sections of the density of PhK
with the same threshold as Figure 4 and PhK/GPb with
the same threshold as Figure 5 are shown in Figures 6A
and 6B, respectively, and the difference map in Figure
6C was computed with the threshold cutoff, as de-
scribed above. The sections run perpendicular to the
vertical axes on the tetrad orientation shown Figure 4C.
The separation between sections is 22 A˚. In the differ-
ence map, additional densities of the particle that can
be related to the presence of GPb appear as bright
areas on a black background. The additional density is
localized to the ends of the lobes, as seen most clearly
Figure 5. The 3D Structure of Phosphorylase Kinase Decorated with in the section at 44 A˚.
Glycogen Phosphorylase B In Figure 7 we show PhK alone (in purple) with the
Surface representation of PhK/GPb in different orientations. Shown threshold cutoff as in Figure 4 and the additional density
are (A) front butterfly orientation, (B) chalice orientation, rotation of observed in the PhK/GPb complex from the difference
45	 of the butterfly orientation about the horizontal axis, (C) tetrad map (in green). In the lower part of Figure 7, we show
orientation rotation of 90	 of the butterfly orientation about the hori-
GPb [28] viewed down the 2-fold axis and normal to thezontal axis, (D) 90	 rotation of the butterfly orientation about the
2-fold axis of the dimer, and we show GPa in the samevertical axis, and (E) oblique view. The bar scale is 100 A˚.
views with the position of Ser14 marked in red. The GP
molecules are represented by a surface viewed at 28 A˚
for the reconstruction, the map had a slightly higher resolution. GPb binds toward the end of each of the
rmsd than the PhK map. The threshold used to display lobes of PhK and toward the outer edge of the lobe,
the volume was chosen so as to give continuity in the presumably through recognition by the kinase domain
connection between the two lobes. While the overall of the  subunit. The location of the  subunit at this site
dimensions of the lobes remained fairly constant with is consistent with the observations by immunoelectron
different threshold values, the dimensions of the bridges microscopy [17]. The catalytic site of the kinase domain
became increasingly thinner as the threshold value in- of the  subunit (as represented by the position of the
creased. Since the particle definitely remains intact on serine in the substrate peptide complex with the kinase
the grid, indicating that the lobes are still held together domain of PhK) is some 26–30 A˚ from the epitope resi-
by the bridges, the highest threshold that still gave brid- dues 277–290 recognized by the anti- antibody.
ges with reasonable density was chosen. The threshold The physiologically relevant form of GPb is the dimer
corresponded to 2 times the rmsd of the map and en- with a subunit molecular mass of 9.74  104 Da. Thus,
closed a volume approximately equivalent to 1.7 times the threshold chosen for display (corresponding to a
the molecular mass of PhK (1.3  106 Da) plus 4 GPb molecular mass of 6.86  105 Da) is equivalent to four
dimers (0.78  106 Da). The dimension of the overall GPb dimers with occupancy of 88%. This value is very
structure is 310  250  200 A˚ and is greater than that approximate because of the dependence on the thresh-
of PhK alone (270  220  160 A˚). The dimensions of old level chosen, but it does appear that there the appar-
the lobes in the butterfly-like shape are 250  120 A˚ ent occupancy is less than 100%. There are at least two
(Figure 5A), showing a 25 A˚ increase in length from PhK, possible explanations. If only one GPb subunit is bound
with generally more density at the ends of the lobes. and the other subunit is directed into the solvent, the
The bridges have about the same length as for the PhK second subunit may have some mobility that would lead
to less evident density in the averaged particle. Furtheralone, and the hole inside the tetrad structure (shown
Structure
38
Figure 6. Sections of the 3D Maps at 28 A˚ Resolution
Three-dimensional maps of (A) PhK with the same threshold as in Figure 4, (B) PhK/GPb with the same threshold as in Figure 5, and (C) the
difference map after scaling the PhK and PhK/GPb density volumes and computing the difference map with no threshold cutoff. The difference
map is displayed with a threshold cutoff to minimize noise. The sections run perpendicular to the vertical axis of the tetrad view in Figures
4C and 5C. The distance of each section from the first section is indicated at the bottom. The scale bar represents 200 A˚. For further details,
see text.
immobilization of the PhK particle on the grid may lead catalytic reaction, Mg2 also modulates PhK activity
through interactions between Mg2 and Ca2 bindingto restricted access for GPb to the binding sites in some
orientations of the particle. sites on the  subunit. The synergistic presence of both
Ca2 and Mg2 causes a slow conformational change
that leads to abolition of the lag that is normally observedConformational Changes and Localization of GPb
In the formation of the PhK/GPb complex, both CaCl2 in the PhK-catalyzed reaction with GPb and a 2–7 fold
increase in activity [22].and MgCl2 were included. Mg2 has been shown to in-
duce conformational changes in the  catalytic subunit Nadeau et al. (this issue of Structure [25]) have charac-
terized the structural changes on activation by Ca2 atof PhK as detected by an increase in affinity of an anti-
antibody that recognized the catalytic core of the  sub- pH 6.8. They note that the large protrusions seen on the
sides of the lobe tips in the nonactivated form collapseunit [27]. We therefore anticipate that some conforma-
tional changes may have taken place in the formation into the body of the lobes upon activation with Ca2.
There are also changes in the bridges. In the nonacti-of the PhK/GPb complex although we have no estimate of
how large these changes might be. While a major role vated form the bridges are more nearly perpendicular
to the lobe face, while in the Ca2-activated form theof Mg2 is to serve as part of the ATP substrate in the
bridges are inclined by approximately 90	  19	 to the
lobes. Examination of the differences in the structures
between the native PhK in its active low-calcium state
at pH 8.2 and the PhK/GPb complex in the presence of
Ca2 and Mg2 at pH 8.2 shows additional spherical
density at the ends of the lobes interpreted as GPb. In
the work of Nadeau et al. [25], additional density is not
seen in this region on activation by Ca2. With PhK at
pH 8.2, in the presence of Mg2, Ca2, and GPb, the
bridge regions in the tetrad view become thinner (Fig-
ures 4C and 5C), and there is a small increase in their
angle to the lobes from 70	 to about 80	 (Figures 4A and
5A). The angle between the lobes is unchanged. These
may represent conformational changes in the particle.
Discussion
The structural model gives the first view of a kinase
complexed with its intact protein substrate. Analysis ofFigure 7. Wire Representation of the Phosphorylase Kinase Decor-
intact substrates and substrates based on consensusated with Glycogen Phosphorylase B
sequence peptides indicate that protein kinases haveShown are phosphorylase kinase with the same threshold as in
Figure 4 (purple) and glycogen phosphorylase b (GPb) from the preferred local recognition sequence motifs close to the
difference map in Figure 6C (green). The lower part of the figure site of phosphorylation. In several kinases there is also
shows GPb (two left images) and GPa (two right images) viewed evidence that suggests that the local epitope recogni-
down the 2-fold axis of the dimer and normal to the 2-fold axis. tion around the phosphorylatable residue is augmented
The GP X-ray structures have been filtered to 28 A˚. Ser14, the
by recognition at remote recruitment sites that can bephosphorylation site of the GP, is shown in red. The image was
used to target the kinase to its substrate within the cellproduced with AESOP software in-house package (M.E.M. Noble,
personal communication). and provide additional specificity (e.g., [29]). There are
3D Structure of Phosphorylase Kinase
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several consensus sequence motifs in GP that offer po- effective inhibitor through its ability to interact with the
GPb subunit. Transient formation of GPab hybrids hastential phosphorylation sites for PhK, and yet only one
site, Ser14, is phosphorylated. The structures of the PhK been observed as intermediates by electron spin reso-
nance techniques with spin-labeled GPb [32] and havekinase domain of the  subunit ternary complex and
GPb provided a partial answer to this puzzle [8]. The been separated by HPLC [33]. There is also some sup-
port for the notion that GPab hybrids might occur in vivostudies showed that the peptide substrate must adopt
a defined extended conformation when bound to the by the observation that such forms have been observed
during the flash activation of phosphorylase bound tokinase. The region recognized in GPb is mobile and has
potential to adopt the extended conformation with little glycogen particles [34]. The likely formation of GPab
hybrids is intriguing both for the regulation of glycogenenergy loss. Other consensus sequence sites in GPb
occur in more ordered parts of the protein and in sec- metabolism, leading to an enzyme with different regula-
tory properties than the individual forms, and as a modelondary structural elements where the serine is not ac-
cessible to the kinase. The apparent affinity of PhK for for other phosphorylated proteins [35].
the intact protein GPb is much higher than for peptide
substrates. This is manifested in more than 300-fold Biological Implications
differences in apparent KM values (5.3 M for GPb and
1.8 mM for peptide substrates) [8]. The holoenzyme The protein kinases comprise a large family of enzymes
that are involved in regulating virtually all aspects of cell()4 complex exhibits high affinity for GP in both the
inactive and the active states as assayed by immu- biology. Although the kinase reaction is relatively simple,
it is subject to strict control; unregulated kinases arenoabsorbent assays (Kd  20 nM) [26]. Thus, it is likely
that GPb recognition by PhK involves not only the local usually detrimental and are the underlying cause of
some serious human diseases. Phosphorylase kinaseepitope around Ser14 but also other regions of GPb by
other sites on the  subunit and possibly other subunits. (PhK) is the one of the most complex kinases in structure
and regulation. PhK, total MW 1.3  106, comprises aThere are substantial conformational changes in GP
on phosphorylation by PhK at Ser14 that result in both hexadecameric assembly of 4 different subunits ar-
ranged as an ()4 tetramer in which the  subunit istertiary and quaternary structural changes [30]. How-
ever, these changes are barely visible in the image of the catalytic subunit,  and  are regulatory, and the 
subunit is calmodulin. PhK has few substrates in vitrothe GP model represented at 28 A˚ resolution (Figure 7).
In the dimeric GP molecule, the two Ser14 in GPb are and in vivo the major substrate is glycogen phosphory-
lase b (GPb). The present work confirms the bilobalseparated by approximately 62 A˚ across the 2-fold axis
of the dimer, while in GPa, following a significant confor- shape of PhK observed in previous electron microscope
studies by providing a more precise model through 3-Dmational change, the two Ser14-phosphates are sepa-
rated by 32 A˚. These distances could be accommodated image reconstruction at 22 A˚ resolution based on 1879
pairs of tilted particles plus 2974 untilted particles im-by the giant PhK holoenzyme in an arrangement in which
both GPb subunits were bound to two  subunits across aged through negative staining. Each lobe is comprised
of an ()2 dimer with a head-to-head arrangement.a 2-fold axis in the PhK particle. However, the location
of the dimeric GPb molecule toward the lobe ends sug- In electron micrographs in which PhK particles have
been decorated with GPb, the substrate is observedgests that only one subunit of GPb is localized. This
would be consistent with the slightly lower volume of to bind to both ends of each of the two lobes with a
stoichiometry that suggests four GPb dimers per ()4density seen for GPb in the PhK/GPb complex com-
pared with the volume of density for GP derived from PhK particle. This arrangement would lead to transient
GPab hybrid molecules in which one GP subunit is phos-the X-ray model (Figure 7). We envisage that one subunit
is firmly bound while the other subunit projects into phorylated and the other not. GPab hybrids have been
identified previously and exhibit properties similar to thesolution. Thus, the 222 symmetric PhK particle does not
exploit the 2-fold symmetry of GPb, and there are four activated GPa enzyme but with some additional fea-
tures, such as inhibition by glucose-6-phosphate, thatGPb dimers bound per ()4 PhK particle.
Such an arrangement would lead to the formation of are characteristic of the non-phosphorylated enzyme.
The structural results provide further insights into theGPab hybrids in which one subunit was phosphorylated
and the other not phosphorylated, at least transiently. structure of PhK and mechanisms of regulation of phos-
As reviewed by [31], there is supportive evidence which phoproteins.
suggests that, with rabbit muscle GP, phosphorylation
Experimental Proceduresdoes not proceed in an all-or-none fashion, but more
likely in a step-wise fashion in which partially phosphory-
Proteins
lated GPab intermediates are produced that have prop- Nonactivated PhK from fast-twitch skeletal muscle of female New
erties intermediate with respect to the two forms. During Zealand White rabbits was purified as described [36] through the
the GPb-to-GPa conversion, maximal activity is ob- DEAE-cellulose step and stored frozen in 50 mM HEPES (pH 6.8),
0.2 mM EDTA, 10% (w/v) sucrose. The complex used for electrontained when approximately half of the maximum 32P has
microscopy was thawed and additionally purified immediately priorbeen incorporated, and this activity can be inhibited
to use by gel filtration, in order to remove any aggregated material,by glucose-6-phosphate (Glc-6-P), a potent inhibitor of
with an analytical Superdex 200 column in buffer H (50 mM HEPESGPb but not of GPa. The inference is that the formation
[pH 8.2], 200 mM NaCl, 2% [w/v] sucrose). This step resulted in
of GPab hybrids leads to increased AMP-independent considerable improvement of the appearance of the material in the
activity by triggering the T-to-R allosteric transition pro- electron microscope, giving a homogeneous preparation. Glycogen
phosphorylase b (GPb) was isolated from rabbit muscle accordingmoted by the GPa subunit but that Glc-6-P is still an
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to the method of Fischer and Krebs [37] using 2-mercaptoethanol of the PhK cannot be determined from the present electron micros-
copy measurements, an arbitrary hand was assigned.instead of l-cysteine and recrystallized at least four times.
For the 3D structure of PhK decorated with GPb, the data collec-
tion and image analysis were carried out as described for PhK alone.Electron Microscopy
Untilted particles (total 1958) were aligned three-dimensionally, us-PhK freshly eluted from the Superdex 200 column (30 g/ml in 50
ing as reference the refined structure of PhK. After assignment ofmM HEPES [pH 8.2], 200 mM NaCl, 10% [w/v] sucrose) was applied
Euler angles, the new particle images were back projected to gener-for 1 min to a glow-discharged copper grid coated with a thin carbon
ate a reconstruction of the PhK decorated with GPb that was usedfilm. Grids were washed twice with stain and then negatively stained
as new reference for further cycles of angular refinement. Thresholdwith uranyl acetate 2% and glucose 0.5% in order to provide a thick
value for visualization was assigned as above.stain layer and preserve the hydrated conformation of the sample.
The difference map between the structures of PhK/GPb and PhKGrids were examined in a Philips CM120 electron microscope op-
was calculated based on the volumes of the two maps calculatederating at 100 kV. Micrographs were recorded on Kodak SO 163
at 28 A˚ resolution, scaled (scaling produced negligible changes),film under low-dose conditions (electron dose was under 15 elec-
and subtracted to generate a difference map. The difference maptrons per A˚2) and at a nominal magnification of 60,000. Two pic-
was visualized using a threshold value assigned as above that corre-tures of the same area were taken with the specimen grid tilted by
sponded to approximately 6 times the rmsd of the difference map50	 and 0	, respectively. The quality of the micrographs was checked
as calculated in SPIDER and WEB [18, 38].on an optical bench, and the underfocused areas usable for 3D
For the resolution limit estimation of 3D-reconstruction volumes,reconstruction were located. The focus was determined to be about
two independent reconstructions were carried out and compared800 nm in images for untilted grids and 400–1200 nm in images for
in reciprocal space using increasing shells with the FSC (Fouriertilted grids.
shell correlation) technique [44, 45]. The resolution limit was setThe PhK/GPb complex was formed directly on the grids. PhK was
below the 3
 noise curve (FSC3
). This 3
 threshold function wasfirst applied at a concentration 10–20 g/ml in 50 mM HEPES (pH
also corrected for the 222 pointgroup symmetry and therefore was8.2), 200 mM NaCl, 10% (w/v) sucrose, 5 mM CaCl2, 5 mM MgCl2
multiplied by √4 to account for the 4-fold redundancy of the datafor 1 min to the hydrophilic glow-discharged thin carbon layer grid,
[46]. The reconstructed volume was filtered to the calculated resolu-and the drop was blotted. A solution of GPb at 1 mg/ml in 20 mM
tion of 22 A˚ and 28 A˚ for the PhK and PhK/GPb, respectively, deter--glycerol phosphate (pH 6.8), 5 mM CaCl2, 5 mM MgCl2, was diluted
mined by the FSC resolution calculation using a Gaussian function.20-fold with 50 mM HEPES (pH 8.2), 200 mM NaCl, 10% (w/v) su-
crose, 5 mM CaCl2, 5 mM MgCl2 to give a GPb concentration of 50
g/ml. A drop of the GPb solution was applied to the grid containing Calcium Assays
Assays for free Ca2 were carried out using the Ca2 chelator BAPTAPhK, the grid was blotted, and a further drop of GPb was applied
for 2 min. Negative staining and sample observations were carried (1,2-Bis(2-aminophenoxy)ethane-N,N,N,N-tetraacetic acid) [47].
Measurements were made using 5 l of 10 mM BAPTA added toout as described for the PhK alone. Several different concentrations
of GPb were tried and the concentration selected was that which 495 l of a series of free [Ca2] values between 0 and 40 M using
Ca2 standard solutions from Molecular Probes. Absorbance spec-gave the lowest contamination with uncomplexed GPb on the back-
ground to the grid. Images of untilted specimens only were recorded. tra were recorded between 230 and 350 nm. A standard curve was
constructed for measurements taken at 255 nm in the presence of
100 M BAPTA in the range from 0 to 0.225 M Ca2. This curve3D Image Processing
was used to estimate the calcium concentration in the PhK SuperdexSelected images were digitized with a scan step of 25 m (corre-
200 gel filtration buffer H (50 mM HEPES [pH 8.2], 200 mM NaCl,sponding to a pixel size in the sample of 4.4 A˚) on a CSI Photoscan
10% [w/v] sucrose). The buffer was found to contain 0.15 M freeSystem P1000. The WEB and SPIDER software package (System
Ca2 ( 0.01 M).for Processing Image Data in Electron microscopy and Related fields
[38]) was used for all image processing. Each single-particle image
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